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CHAPTER 4 
A Survey of Solvent Effects on Some Orgdnic Processes 
in Dilute Aqueous Solution 
Rate constants and derived activation parameters for chemical reactions involving 
solutes in a ueous solutions are sensitive to the presence of organic cosolvents in 
these media'788. In Chapter 2, a general method was described for a quantitative 
analysis of solvent effects in mixed solvents which can be used to analyse solvent 
effects on organic reactions in mixed aqueous solvents. This general theory was 
developed for solvent effects on rate constants and isobaric activation parameters of a 
simple first-order reaction. In subsequent sections, the scope of the theory was 
broadened and equations were derived for a quantitative analysis of solvent effects on 
bimolecular reactions, solvolysis reactions and equilibrium quotients of chemical 
equilibria. The dependence of rate constants and derived activation parameters on the 
concentration of chemically inert cosolvents can be understood in terms of interactions 
of these cosolvents with reactant(s) and activated complex. Pairwise and higher-order 
interaction parameters were shown to relate rate constants, equilibrium quotients and 
activation parameters to the molality of the added cosolvent. These parameters were 
subsequently analysed in terms of pairwise group interaction parameters. In chapter 3 
it was shown how this additivity principle can be used to identify the magnitude and 
sign of group contributions to solvent effects of organic cosolvents on reactivity in 
aqueous s~lution'~'. Additivity schemes were put to a critical test by assessing the 
merits and limitations of additivity rules for the analysis of solvent effects on a 
hydrolysis reaction in dilute mixed aqueous solutions, containing mono- and polyhydric 
alcohols148. The results set the stage for a quantitative understanding of solvent effects 
of organic cosolvents on the rate constants for organic reactions in aqueous solutions. 
In this chapter, the applicability of the theory, which is based on the McMillan-Mayer 
solution theory, is tested for (i) the quantitative description of solvent effects on A*HO 
and TA*SO of reactions in dilute aqueous solutions, (ii) the description of solvent 
effects on rate constants and isobaric activation parameters of organic reactions in 
concentrated (>1.5 mol kg-') aqueous solutions in order to assess the relative 
importance of pairwise and higher-order interaction parameters and (iii) the quantita- 
tive analysis of solvent effects on a unimolecular process, a bimolecular reaction and a 
chemical equilibrium in aqueous solution. 
In Section 4.2, solvent effects are described on the pseudo-first-order rate constant, 
A*HO, and TA*SO for the neutral hydrolysis of p-methoxyphenyl dichloroacetate in 
aqueous solutions, containing urea and alkyl-substituted ureas. Attempts are made to 
describe solvent effects in dilute and also in more concentrated aqueous solutions (0-6 
mol kg-') in terms of pairwise and higher-order interaction parameters. This type of 
analysis has reasonable success in accounting for trends in pseudo-first-order rate 
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constants in these aqueous mixtures. The quantitative analysis of solvent effects on 
activation parameters is shown to be valid in dilute solutions (c1.5 M), but appears to 
be more troublesome for higher molalities of the cosolvents. 
In the second part of this chapter, the theory is tested with reference to the 
analysis of solvent effects on a intermolecular as well as an intramolecular Diels-Alder 
reaction in aqueous media. In Section 4.3, solvent effects are reported of a variety of 
cosolvent molecules on the second-order rate constant for the bimolecular Diels-Alder 
reaction of cyclopentadiene with methyl vinyl ketone in aqueous media. Solvent effects 
of monohydric alcohols on the first-order rate constant for the intramolecular Diels- 
Alder reaction of N-furfuryl-N-methylmaleamic acid in aqueous solutions are reported 
in Section 4.4. Finally, in Section 4.5 solvent effects are described on the equilibrium 
quotient, representing the keto*enol equilibrium of 2,Cpentanedione in aqueous 
solutions, also containing monohydric alcohols. The solvent effects on these processes 
are generally rather small. More pronounced solvent effects are found as the mole 
fraction of the cosolvents is increased. The theory, based on the McMillan-Mayer 
solution theory is, however, less appropriate for the analysis of solvent effects in 
binary solvents in which the components of the solvent are present in comparable 
amounts. The analysis of solvent effects on intermolecular and intramolecular Diels- 
Alder reactions in mixed aqueous solvents, containing comparable amounts of water 
and organic cosolvent, is reported in Chapter 6 and Chapter 7, respectively. Some 
relevant aspects of intermolecular and intramolecular Diels-Alder reactions with 
respect to reactivity in aqueous media are discussed in these chapters as well. 
4.2 Solvent effects on the hydrolysis of p-methoxyphenyl dichlomzcetate in aqueous 
solutions containing urea and &I-substituted ureas 
In this section, solvent effects are reported of urea (U), N,N'-dimethylurea (DMU), 
N,N'-diethylurea (DEU) and tetramethylurea (TMU) on the pseudo-first-order rate 
constant and isobaric activation parameters for the neutral hydrolysis of p-methoxy- 
phenyl dichloroacetate (1) in aqueous solution. The reaction mechanism for the 
neutral hydrolysis of 1 is shown in Scheme 4-2. The hydrolysis proceeds via a dipolar 
activated complex containing two water molecules with three protons in flight219-=. 
The reaction is surnmarised in Scheme 4-1, where X is the substrate ester and N 
represents the order of the reaction with respect to water. 
X + N H 2 0  * [X.NH20]* -. products 
Scheme 4-1 
Ester 1 is hydrolysed in a reaction medium consisting of water, q and m, mol kg-' 
of reactant and activated complex, respectively, a small concentration of HCl in order 
to prevent base-catalysed hydrolysis and m, mol kg-' of the cosolvent. Solvent effects 
of non-electrolytes on the pseudo-first-order rate constant for neutral hydrolysis of 1 
can be quantitatively analysed by using Equation 2-32. 
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In dilute aqueous solutions the solvent effect can be effectively described by assuming 
pairwise interactions between cosolvent and reacting species. Following the procedu- 
res descnied in Chapter 3 (Section 3.2), Equation 2-32 can be rewritten in the 
following form; 
and 
The factor G(C), which equals C(i)G(i), represents the difference in the pairwise 
Gibbs energy of interaction of the cosolvent molecule C with reactant and activated 
complex, respectively. According to the quasi-SWAG approach, the solvent effects of 
the cosolvent C can be considered as a sum of group contribution of groups i that 
form the cosolvent molecule, expressed as G(i). 
In Chapter 3 it was shown that plots of ln[k(mc)/k(mc=O)] versus molality of very 
hydrophobic molecules, such as 1-butanol exhibit clear curvature at molalities below 
1.5 mol kg-'. Generally, pairwise interaction parameters are not sufficient to describe 
solvent effects on reactions in aqueous solutions if either the cosolvent is strongly 
hydrophobic or the cosolvent concentration is high. Since primary alcohols are 
reactive towards the substrate that was studied in Chapter 3, a detailed analysis of 
solvent effects of these cosolvents at higher cosolvent concentration was bound to be 
inconclusive with respect to the importance of higher-order interaction parameters. 
Urea and alkyl-substituted ureas do not react with activated ester 1 and solvent effects 
have been studied in aqueous solutions, containing high concentrations of cosolvent. A 
quantitative description of solvent effects on the rate constant for a hydrolysis reaction 
in concentrated aqueous solutions is given in terms of Equation 4-3. The contribution 
of higher-order terms is taken into account and the n-th order contributions are 
symbolised by Gn(C) which equals ZGn(i) (for pairwise terms the superscript 2 is 
omitted). The difference, expressed in triplet Gibbs energy interaction parameters, 
between the interaction of the activated complex with two molecules of cosolvent and 
the interaction of the reactant with two molecules of cosolvent is, for example, 
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measured by G3(C). G~(c) also contains the effect of cosolvent on the pairwise 
interaction of cosolvent with the reactant and activated complex (see Section 3.4). 
The reactivity of water is also affected by the addition of the cosolvent molecules. The 
magnitude of this contribution is expressed by the term NM,4m,. The dependence of 
4 on the molality of urea and some alkyl-substituted ureas is accurately knownlg2". In 
Figure 4-1, the solvent effect of urea and the substituted ureas, expressed as NMl~mc, 
is plotted as a function of the molality of the cosolvents, assuming that G(C) and 
higher-order terms are negligibly small. All cosolvents induce a significant but similar 
decrease in the reaction rate constant. The dependences of NMl+mc on the molality 
mc are characteristic of each cosolvent and the solvent effects are significantly 
different. The differences are, however, negligible for the analysis of solvent effects. 
The isobaric enthalpy and entropy of activation for reactions in mixed solvents, 
containing a small concentration of cosolvent molecules, depend on the molality of the 
cosolvent. Assuming that the dependence of the osmotic coefficient on the temperatu- 
re does not contribute significantly to the overaIl change of the activation parameters, 
Equation 2-53 can be rewritten to yield Equation 4-4. 
2 
~ ' H " ( m , = 0 ;  id) - A'HO(mJ= -&-h,J mc 4-4 
"'0 
The formalism, used for the description of solvent effects on the Gibbs energy of 
activation for reactions in mixed aqueous solvents, is also applied to the description of 
solvent effects on the enthalpy of activation. In addition, higher-order interaction 
terms are introduced. 
Pairwise entropy interaction parameters can be derived using the equation gpQ=hpQ- 
TSPQ- 
Results and discussion. In Figure 4-2, the effects of urea and the substituted ureas on 
the rate constants, expressed as ln[k(m,)/k(mc=O)], are plotted as a function of the 
molality of the cosolvents. Urea induces a small but significant acceleration of the 
reaction, whereas alkyl-substituted ureas decrease the rate constant. Comparison of 
the slopes in Figures 4-1 and 4-2 confirms that the trend in the rate constants cannot 
be accounted for on the basis of the reduced reactivity of water. The predominant 
contribution to the solvent effect must be attributed to pairwise and higher-order 
interactions of the cosolvent with the reacting substrate. The significant curvature of 
all plots indicates that higher-order Gibbs energy interaction parameters must be 
taken into account. The curvature is particularly pronounced for the most hydropho- 
bic cosolvents (TMU and DEU). 
The experimental results were analysed by fitting the data points to a polynomial. 
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The data could be described accurately (h0.997) by assuming pairwise and triplet 
interactions. The solvent effects at molalities ~1.5 mol kg" were also analysed by 
linear regression. In both cases the functions were forced to cross (0,O). The fitted 
curves and lines are shown in Figure 4-2. The pairwise and higher-order Gibbs energy 
interaction terms G(C) and Gn(C) are summarised in Table 4-1. 
In Figure 4-3 TA'SO and A'HO for the neutral hydrolysis of 1 at 2S°C are plotted 
as a function of the molality of the alkyl-substituted ureas. In aqueous solutions of 
urea the changes of the activation parameters did not exceed the experimental error. 
The dependence of entropy and enthalpy of activation on the molality of the cosol- 
vents exhibits well-known compensating behaviou$'@. 
The decrease in rate constant for the hydrolysis is determined by a dominant 
entropy term. Both entropies and enthalpies pass through extrema. For DMU, DEU 
and TMU these molalities are ca. 4, ca. 3 and ca. 2 mol kg-', respectively. 
Figure 41. Kinetic analysis of the neutral hydrolysis of p-methoxyphenyl dichloro- 
acetate in aqueous solutions. Dependence of -NM,$m, (N=2) on the molality of urea, 
;DMU, 4 ;DEU, A . 
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Figure 4-2. Kinetics of the neutral hydrolyis of p-methoxyphenyl dichloroacetate in 
aqueous solutions containing urea and alkyl-substituted ureas at 2S°C. Dependence of 
ln{k(mc)/k(mc=O)] on molality of urea, ;DMU, A ;DEU, + ;TMU, H . Solid lines 
are curves, calculated by non-linear regression. Dashed lines are calculated by linear 
regression of data below 1.5 M (see text). 
The dependence of the enthalpy of activation on the molality of the cosolvents cannot 
be described accurately by the theoretical model. Even higher-order interaction terms 
do not account for the observed trends. A satisfactory description can be obtained for 
solvent effects on the activation parameters at molalities below the extrema. The 
experimental errors in the determined activation parameters are much more pronoun- 
ced than for the rate constants, and a detailed quantitative analysis is not significant. 
Nonetheless, the experimental data were analysed by linear regression and the results 
are summarised in Table 4-1. 
The solvent effects of urea and alkyl-substituted ureas are the result of participa- 
tion of the cosolvent molecule in the solvation shell of reactant and activated complex, 
respectively. 
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Figure 4-3. Solvent effects on isobaric activation parameters for the neutral hydrolysis 
of p-methoxyphenyl dichloroacetate in aqueous solutions at 25OC. Dependence of 
A*HO (open symbols) and -TA*SO (closed symbols) on the molality of DMU, A 
;DEU, and TMU, . The values for A*HO have been placed upwards 10 kJ mol- 
* for clarity. 
Interaction of the reactant and activated complex with the cosolvent is accompanied 
by the destructive overlap of the hydration shells of both solutes. Solute-solute 
interactions involving urea and alkyl-substituted ureas have been frequently studied 
(see Table 3-1). Pairwise enthalpy and Gibbs energy interaction parameters for 
homotactic interactions have been determined accurately and appear to be attractive 
(see, for example ref.l8lc,d,e,v). For DMU, DEU and TMU G, is negative and H, is 
positive. For U, both G, and H, are negative. Also heterotactic interactions, involving 
urea have been studied in great detailm. 
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Table 4-1. Solvent Effects on Isobaric Activation Parameters for the Neutral Hydroly- 
sis of p-Methoxyphenyl Dichloroacetate in Aqueous Solutions at 25OC. 
Cosolvent G(C)? G(C),b G3(C),b H(C): TS(C)P 
J kg m01-~ J kg m01-~ J kg m01'~ J kg m01-~ J kg mor2 
Urea 98 (2) 102 -4 C C 
DMU -353 (15) -360 18 507 (96) 860 (111) 
DEU -642 (22) -650 46 1579 (91) 2221 (113) 
TMU -921 (22) -967 43 3605(410) 4526(432) 
aDetermined by linear regression. b~etermined by non-linear regression. 'Determined by linear 
regression below 1.5 M. *~alculated from G(C) and H(C). CVariation of activation parameten did not 
exceed the experimental error. 
Pairwise enthalpic interaction parameters vary in magnitude and sign, depending 
. rone et a1.1g2' have used this on the hydrophobic nature of the other s o l ~ t e ' ~ ~ ~ * ' ~ ~ ~  Ba 
fact to determine the relative hydrophobicity of polyhydric alcohols. Unfortunately, 
only a few Gibbs energy interaction parameters are known. In the presence of 7 M of 
urea the solubility of methane and ethane in water is decreased, whereas the solubility 
of propane and butane is increased224. The effects are, even at these high concen- 
trations of urea, very small. In a famous paper, Roseman and ~ e n c k s ~  howed that 
urea increases the solubility of naphthalene and uric acid in water considerably. Wood 
et a1.156f9h have estimated that the pairwise group interaction parameter G(CH?- 
CONH) amounts to 1 J kg m ~ l - ~ ,  which is an extremely small value. Even less expen- 
mental data are available for heterotactic interactions, involving alkyl-substituted 
ureas. In the light of the relevance of amide-amide interactions for the structure of 
peptides and proteins, interactions of the alkyl-substituted ureas with other amides 
have received some Interactions between two amide functions 
are intriguing. Although the pairwise Gibbs energy interaction parameter, describing 
the homotactic CONH-CONH interaction, indicates an extremely strong attractive 
binding (see Table 3-2), only weak association has been detected between amides in 
dilute aqueous s o l ~ t i o n ~ - ~ ' .  Experimental evidence suggests the formation of solvent 
separated pairs, in which water mediates the hydrogen bonding interactions between 
the amide 
Inspection of the results in Table 4-1 reveals that the magnitude of solvent effects 
of the alkyl-substituted ureas on the rate constant for the hydrolysis of 1 are high in 
comparison to the solvent effects of monohydric alcohols on the rate constant for 
hydrolysis of 1-benzoyl-3-phenyl-l,2,4-triazole (see Table 3-3). Recently, Kerstholt et 
a1.2289U9 showed that solvent effects of monohydric alcohols on the rate of hydrolysis of 
1 are also significantly larger than those on the hydrolysis of the activated amide. The 
trend in the G(C) was shown to be similar and the solvent effects clearly reflect the 
loss of hydrophobicity of the substrates during the activation process. Apparently, the 
activated ester looses more hydrophobic character during the activation process than 
the activated amide, studied in Chapter 3. The third-order term G3(C) is quite small 
and cannot be determined accurately. The calculated triplet terms indicate that the 
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importance of higher-order interactions increases with increasing hydrophobicity of the 
cosolvent, as anticipated. 
According to literature procedures, a molecule of urea is equivalent to 1.5 CONH 
g r o ~ ~ s ' ~ ~ ~ ~ .  A molecule of DMU is written, for the present purposes, as 2 CH,+ 
lCONH=BCH+CONH. DEU is described as 2CH,+ 2CH2+ 1CONH = 10CH+ CONH. 
Similarly, TMU can be represented by 12CH+CONH. This representation of TMU 
assumes that the N-CO-N grouping is equivalent to one CONH group. These are 
unhappy assumptions. Nonetheless, they have been frequently and successfully used 
for the analysis of thermodynamic data in aqueous solution (see references in Table 3- 
1). Following the literature procedures for the subdivision of urea and substituted 
ureas into groups, estimates of G(CH) and G(C0NH) cannot be determined unambi- 
guously. A better result can be obtained by comparing the G(C) values of U, DMU 
and TMU. Substitution of a hydrogen by a CH, group leads to a decrease in G(C) of 
ca.-240 J kg m01-~. Comparison of the G(C) values of DMU and DEU shows that 
increasing the size of the alkyl substituent with a CH, group leads to an additional 
decrease of ca.-150 J kg mor2. These exercises give an idea of the contributions of the 
various groups of the cosolvent molecule to the overall medium effect. But the data 
set is too small to make a reliable estimate of the exact magnitude of the group 
contributions. Generally, apolar CH groups induce a rate decreasing effect, whereas 
polar CONH groups increase the rate constant. 
Solvent effects of urea on rate constants as well as on activation parameters for 
hydrolysis reactions are small. Apparently, the reactant and the activated complex are 
indifferent to the presence of urea and the distribution of urea near reactant or 
activated complex is not dramatically different from the distribution in the bulk. The 
kinetic solvent effects of the alkyl-substituted ureas are much more pronounced and 
dominated by hydrophobic interactions. In fact, the contributions of pairwise interacti- 
ons to the solvent effect have to be derived from the limiting slope of plots of ln[k&,] 
versus m,. Apparently, pairwise interactions dominate the solvent effect on rate 
constants over an extended concentration range. The contribution of triplet interacti- 
ons at low concentrations of cosolvent are surprisingly small. This is revealed by the 
fact that the pairwise interaction term can be accurately determined by linear 
regression of the kinetic data, obtained at small concentration (<1.5 mol kg-') of 
cosolvent. 
Most striking is the observation that the complex dependence of the activation 
parameters on the molality of the alkyl-substituted ureas is not reflected in the Gibbs 
energy of activation. This is caused by the fact that the large and compensating 
changes in the enthalpy and entropy of activation are a consequence of the destructi- 
ve overlap of the h drophobic hydration shells, surrounding cosolvents, reactant and 
activated c 0 m ~ l e x 8 ~ ~ .  Prerequisite for these large entropy and enthalpy effects is that 
apolar solutes are fully solvated by a structured hydration shell. At a certain molality 
of the cosolvent, dependent on the size and apolar character of the solute, the 
cosolvent molecules start to compete for the water molecules to form a hydrophobic 
hydration shell. At this concentration, all water molecules are part of a large, exten- 
ded hydrophobic hydration shell and water looses its typically aqueous character. 
Beyond this concentration, destructive overlap of hydration shells does not lead to 
large entropy and enthalpy changes. Although the solubility of apolar solutes increases 
due to the addition of apolar cosolvents, water gradually looses the capacity to 
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prevent the formation of microheterogeneties in the solution. At these cosolvent 
concentrations, bulk hydrophobic interactions lead to preferential solvation of the 
solute in apolar microdomains. Since the factors, determining the dependence of 
entropy and enthalpy of activation on the molality of the cosolvent are altered beyond 
what is sometimes refered to as the magic mole fraction, the quantitative analysis of 
solvent effects on entropy and enthalpy of activation can only be applied below this 
mole fraction. These microdomains are, of course, very short-lived and the contact of 
the solutes with water is still extensive. 
Conclusion. The solvent effects of the alkyl-substituted ureas on the rate constant for 
the neutral hydrolysis of 1 are the result of changes in the Gibbs energy of pairwise 
and higher-order interactions of the cosolvents with the reacting species during the 
activation process. Pairwise and higher-order interactions of cosolvents with reactants 
and activated complex are accompanied by destructive overlap of the hydration shells. 
The dependence of the isobaric activation parameters A'HO and TA'SO on the 
molality of the cosolvent in dilute aqueous solutions (below the "magic mole fraction") 
is strongly determined by the destructive overlap of the hydration shells. Since the 
entropy and enthalpy changes, resulting from the destructive overlap of the hydration 
shells; are strongly compensating, the importance of destructive hydration shell 
overlap for the solvent effect, which is a Gibbs energy effect, is difficult to assess. On 
the other hand, the occurence of direct solute-cosolvent interactions in the dilute 
aqueous solutions cannot be unambiguously confirmed either. In more concentrated 
aqueous solutions, the importance of preferential solvation is beyond doubt (see for 
example Chapters 6 and 7). Although the interactions between the reactants and the 
activated complex on one hand and the cosolvent on the other hand, are clearly 
hydrophobic in nature, the molecular origin of the favourable Gibbs energy term is 
difficult to establish. In Chapter 8, the molecular origin of pairwise and bulk hydrop- 
hobic interactions in dilute and more concentrated aqueous solutions will be discussed 
in more detail. 
4.3 Solvent effects on a bimolecular Diels-Alder reaction 
Since its discovery in 192sU0, the Diels-Alder reaction has been a valuable method for 
the synthesis of polycyclic products and the generation of other important synthons in 
organic chemistry. For organic chemists, Diels-Alder reactions provide an opportunity 
for regioselective and stereospecific introduction of multiple centers of configuration. 
The mechanism of Diels-Alder reactions generally involves an isopolar activated 
complex. The activated complex strongly resembles the reactants and small changes in 
the polarisability of the reactant(s) during the activation process result in corres- 
ponding small changes in solute-solvent dispersion interactions. Consequently, solvent 
effects on Diels-Alder reactions are expected to be small and not very interesting. 
Detailed kinetic investigations of Diels-Alder reactions in large series of solvents are 
rare. Generally, rate constants for Diels-Alder reactions upon going from nonpolar to 
polar solvents vary by a factor between 3 and 1 5 ~ ~ ~ .  The last decade, however, 
witnessed a renewed interest in the study of solvent effects on Diels-Alder reactions"a- 
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. iels-Alder reactions were shown to undergo dramatic rate 
enhancements in aqueous solution. The molecular origin of these rate enhancements 
is not clear. In Chapter 6, solvent effects on Diels-Alder reactions in binary alcohol- 
water mixtures will be discussed in detail. Mechanistic aspects are presented which 
can explain the curious rate effects observed in water and aqueous media. In this 
section, solvent effects are presented of a series of cosolvents on the second-order 
rate constant for the Diels-Alder reactions of methyl vinyl ketone (MVK) with 
cyclopentadiene (CPD) (Scheme 4-3) in dilute aqueous solutions. 
Scheme 4-3 
In Chapter 2, it was shown that solvent effects on bimolecular reactions in mixed 
solvents can be analysed using Equation 2-44. Following this approach, solvent effects 
on a bimolecular Diels-Alder reaction in mixed aqueous solutions are described by 
Equation 4-5. 
Herein G(C) is defined as [gAc+g,,-g,c]/m,2 were A and B are the diene and the 
dienophile, symbol t represents the activated complex and C is the cosolvent. 
Therefore, G(C) quantifies the difference between the pairwise Gibbs energy 
interaction parameters for interactions of the cosolvent with the reactants and with 
the activated complex, respectively. As explained in Section 2.3.3, the unit in which a 
rate constant is expressed, is a matter of concern. In Equation 4-5, W and W', and V 
and V' are the masses of water present in the reaction mixture, and the volumes of 
the total reaction mixture, respectively. The rate constants are expressed in dm3 mol-' 
s-l. 
Results and discussion. In Figure 4-4, the solvent effects of a series of cosolvents on 
the second-order rate constant of the Diels-Alder reactions of MVK and CPD, 
expressed as ln[{k(m,).V/W}/{k(mc=O).V'/w'}], are given as a function of the molality 
of the cosolvents. For clarity, the data-points for the solvent effects of methanol, 
ethanol and 1-propanol are not shown in the plot. All plots are perfectly linear and 
the solvent effects can be accounted for by assuming dominant painvise interactions 
between the cosolvent and the reactants and activated complex, respectively. In Table 
4-2 the derived values of G(C) are given. Apparently, all monohydric alcohols induce 
a similar and small decrease in the rate constant. Urea hardly affects the rate 
constant, whereas polyhydric alcohols and carbohydrates produce a significant increase 
in the second-order rate constant. 1,4-Dioxane induces the most pronounced rate- 
decreasing effect. 
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Figure 4-4. Kinetics of the Diels-Alder reaction of methyl vinyl ketone with cyclopen- 
tadiene in aqueous solutions at 25°C. Dependence of In[k(mc)/k(mc=O)] on the 
molality of glucose, ;galactose, A ;glycerol, ;urea, ;2-methyl-2-propanol, + 
and l,Cdioxane, A . 
At first sight, the increase of the second-order rate constant due to the presence of 
carbohydrates might seem surprising. However, the rate increase can be related to 
changes in the volume of the reaction medium due to addition of cosolvents. The 
dependence of the total volume of the reaction mixture on the molality of solutes is 
rather complex and depends strongly on the nature of the solute231. Addition of 
carbohydrates to water leads to a considerable decrease in the volume of the total 
reaction medium whereas addition of monohydric alcohols leads to an increase in the 
volume of the reaction medium. Quantitative analysis of the solvent effect is based on 
the conversion of reactants per second in one kg of water, present in the total reaction 
medium (k,V/W). The partial molar volume of water in the mixture is therefore of 
paramount importance. The positive G(C) values must be largely attributed to the 
effect of solutes on the partial molar volume of water. 
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Table 4-2. Solvent Effects on the Diels-Alder Reaction of Methyl Vinyl Ketone with 
Cyclopentadiene in Aqueous Solutions at 25°C. 










Based on these results, it is difficult to assess whether the hydrophobicities of the 
reactants and the activated complex are more or less similar, which is what one 
expects for reactions involving an isopolar activated complex, or whether the polarity 
is changed during the activation process. In Chapter 6, solvent effects will be reviewed 
over a more extended concentration of monohydric alcohols. Based on these results, 
an explanation will be given for the small and even rate increasing solvent effect of 
rnonohydric and polyhydric alcohols. 
4.4 Solvent effeects on an intramolecular DieIs-Alder reaction 
The first exam les of intramolecular Diels-Alder reactions stem from publications of 
Alder in 19534 Subsequently, it was shown that intramolecular Diels-Alder reactions 
are very useful in the synthesis of polycyclic compounds234. Chapter 7 will be comple- 
tely devoted to the results of a study of intramolecular Diels-Alder reactions of N- 
alkyl-N-furfu~ylmaleamic acids (2) in mixed aqueous solvents. In Chapter 7, general 
aspects of structure and reactivity of compounds, able to undergo intramolecular 
Diels-Alder reactions will be reviewed. In addition, mechanistic aspects of the 
intramolecular Diels-Alder reactions of compounds 2 will be discussed in detail. 
Solvent effects on intramolecular Diels-Alder reactions are usually very small and 
resemble solvent effects on their intermolecular analogues232. Also for intramolecular 
Diels-Alder reactions, small changes in the dipole-moment of the reactant during the 
activation process are the main cause for solvent effects235. Detailed studies of solvent 
effects on intramolecular Diels-Alder reactions are rare. Most attention has been 
placed on the re 'oselectivity, the stereochemistry and the relation between structure 
and reactiviegb? Regioselectivity and stereospecitkity can be very different for 
intramolecular Diels-Alder processes and their intermolecular analogues. Our interest 
in intramolecular Diels-Alder reactions is prompted by the question whether intramo- 
lecular Diels-Alder reactions experience rate enhancements similar to those observed 
for their intermolecular analogues in water and in aqueous solutions (see Chapter 6). 
4. Solvent effects on some organic processes in aqueous solution 
In this section, solvent effects are reported on the first-order rate constant for the 
intramolecular Diels-Alder reaction of N-methyl-N-furfurylmaleamic acid in aqueous 
solutions, containing monohydric alcohols (Scheme 4-4). 
Scheme 4-4 
Solvent effects on the first-order rate constant for the intramolecular Diels-Alder 
reaction of 2 in aqueous solution can be analysed using Equation 2-22. Following the 
procedures advanced in Chapter 3, the factor [g,,-g,,]/m? is defined as G(C). Group 
contributions of groups i, that form the cosolvent molecule, to the overall solvent 
effect are expressed in G(i), and the solvent effects can be calculated by Equation 4-6. 
Results and discussion. In Figure 4-5, solvent effects on the first-order rate constant 
for the intramolecular Diels-Alder reaction of 2, expressed as ln[k(m,)/k(m,=O)], are 
plotted as a function of the molality of a series of monohydric alcohols. All plots are 
linear. The solvent effects can be effectively described by pairwise interactions of the 
cosolvents with the reactant and the activated complex, respectively. In Table 4-3, 
derived values of G(C) are collected. All cosolvents induce a decrease in the rate 
constant. This trend is due to the rate decreasing contribution of the apolar CH 
groups, as revealed by a negative G(CH) (-22 J kg mo1-'). The polar OH groups 
induce an increase in the reaction rate constant (G(OH)= 24 J kg m01'~). The solvent 
effects are rather modest. Nonetheless, the activated complex appears to be signifi- 
cantly less hydrophobic than the reactant. 
4.5 Solvent eflects on the k e t o ~ = ~ ~ o l  equilibrium 
In general, 8-diketones, both pure and in solution, exist as a mixture of three forms: 
(i) the ck-enolic form, (ii) the diketo form and (iii) the trans-enolic form. For 2,4- 
pentanedione (PD) these forms are shown in Scheme 4-5. The mans-enolic form is 
only observed in special cases237 and generally the ketoeenol equilibrium constant K, 
can be defined as 
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Figure 4-5. Kinetics of the intramolecular Diels-Alder reaction of N-methyl-N-furfuryl- 
maleamic acid in mixed aqueous solutions at 25OC. Dependence of -ln[k(m,)/k(m,=O)] 
on molality of methanol, ;ethanol, + ;l-propanol, A and 2-methyl-2-propanol, w 
. Solid lines represent the line derived from the experimental data (see text). 
Table 4-3. Solvent Effects on the IntramoIecular Diels-Alder Reaction of N-Methyl-N- 
Furfurvlmaleamic Acid in Aaueous Solutions at 2S°C. 
Cosolvent G(C),B G(CITb 
J kg m01-~ J kg m01-~ 
Methanol -45 (4) -42 (11) 
Ethanol -78 (5) -86 (13) 
1-Propanol -124 (5) -130 (15) 
2-Methyl-2-propanol -174 (6) -174 (17) 
aDerived from experimental results. b~alculated, assuming G(CH)=-22 J kg molq2 and G(OH)=24 J kg 
mor2. 
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[cis -enol] K, = [htol 
i ii iii 
Scheme 4-5 
Ketopenol equilibria are very sensitive to the nature of the s ~ l v e n t ~ ~ ~ - ~ ~ ' .  As early 
as 1896, Claisens described that "there are compounds capable of existence in the 
form -C(OH)=CH-CO- as well as in the form -CO-CH2-CO-; it depends on the 
nature of the substituents, the temperature and, for dissolved compounds, also on the 
nature of the solvent which of the two forms will be more stable". Later, Wislicenus6 
concluded, based on a study of the ketoeenol tautomerism in eight solvents, that the 
keto form predominates in alcoholic solutions, the en01 form in chloroform and 
benzene. Based on these results, ~tobbe"' classified solvents into two groups, which 
reflect a division into protic and aprotic solvents. Since these initial reports, solvent 
effects have been studied on a large variety of compounds that can exist in two 
tautomeric forms3'. Ketolenol ratios in the gas-phase were shown to approach the 
values found in apolar, aprotic solvents23s. The cis-enolic form is favoured by solvents 
of low polarity, whereas polar solvents displace the ratio towards the diketo form. 
Ketolenol ratios in large series of solvents have been frequently correlated with 
solvent polarity scales, physical properties of the solvent and solubility data of the en01 
and the diketone. ~ l m s l e y ~ ~ ~  showed that ketolenol ratios can be roughly correlated 
with the polarity of the solvent. The best correlation was found for A+B (a scale 
advocated by Swain242, which expresses the basicity and the acidity of the solvent). 
Correlations with ET(30), E and .rr' are satisfactory. 
The internal hydrogen-bonding of the en01 tautomer, and in particular that of the 
2,4-pentanedione, has fascinated chemists for many years244. In order to explain 
observed solvent effects on the ketoenol equilibrium, direct hydrogen-bonding 
between the en01 and the solvent has often been suggested to compete with the 
intramolecular hydrogen-bonding in the cis-enolic form238. Recently, it was shown that 
the intramolecular hydrogen-bonding of the enolic form remains intact in both aprotic 
and protic solvents442. There is no good evidence that the solvents favour either side 
of the equilibrium by hydrogen-bonding more strongly with either the en01 or keto 
tautomer. Consequently, solvent effects have been rationalised by the fact that the 
diketo form is usually more dipolar than the cisenolic form. This conclusion might 
seem somewhat surprising, but intramolecular hydrogen-bonding helps to reduce the 
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dipole-dipole repulsion of the carbonyl groups, which is quite unfavourable in the 
diketo form. 
Since the initial work of Reevesa5, 'H-NMR analysis has been the prefered 
method for analysing ketopenol equilibria. In some cases, where the life-time of one 
of the species makes detection by NMR-spectroscopic methods impossible, IR- 
spectroscopy must be A major problem in the determination of ketooenol 
equilibrium constants is the fact that the concentration-quotient (which is the ratio of 
the concentrations of the enolic form and the keto form) depends on the concentrati- 
on of the f l - d i l c e t ~ n e ~ ~ ~ ~ .  The effect of dilution on the ketopenol equilibrium has 
been re~ognised'~~, but has not been reported in detail until 1987. Elmsley et al.a2 
determined the dependence of the ketoeenol equilibrium quotient of PD on the mole 
fraction of PD in different solvents. The authors showed that the equilibrium con- 
stants should be determined by extrapolation to infinite dilution. The dependence of 
the equilibrium quotient on the mole fraction of PD appeared to be sensitive to the 
solvent, both in magnitude as well as in sign. Especially in water, the dependence on 
the mole fraction of PD is very large, hence accounting for the fact that reported 
equilibrium constants for the keto-en01 equilibrium of PD in water show a large 
scattePya2. 
The problem arising from the difference between the equilibrium constant and the 
equilibrium concentration-quotient has been anticipated in Section 2.3.2. Solvent 
effects on chemical equilibria in mixed solvents are explained in terms of the solvent 
effect on the equilibrium quotient. Equation 2-37 can be used to describe the solvent 
effect on the ketoeenol equilibrium quotient of PD in aqueous solutions. Again, [gAc- 
g,c]/m: is defined as G(C). The en01 is represented by B, and the di-ketone by A. 
Following the procedures, described in Section 4.4, the contribution of groups i to the 
overall solvent effect, expressed in G(i), can be derived: 
G(C) and G(i) are defined as the difference in the pairwise Gibbs energy of interacti- 
on of cosolvent molecule C or groups i with the diketone and the enol, respectively. 
Usually, solvent effects on keto-en01 equilibria have been analysed in terms of 
macroscopic properties of the solvent, like dielectric constant or polarity238. This type 
of analysis stresses the importance of specific intermolecular interactions for the 
solvent effects on ketopenol equilibria in aqueous solution. 
Results and discussion. Elmsley et a ~ . " ~  reported that the dependence of the 
percentage of en01 in water on the mole fraction of PD is +267a2 (the slope of the 
plot of in[Q(mpD)/Q(mpD=O)] versus the molality of PD is ca. 0.3, see below). The 
equilibrium quotient for the keto-no1 equilibrium of PD in aqueous solutions is 
defined as [enol]/[keto] and was determined by 'H-NMR at a mole fraction of PD of 
5x10'. This solution can be considered as thermodynamically ideal and the equilibri- 
um quotient, determined in this dilute aqueous solution, can be considered as the 
equilibrium constant. At 25"C, the measured equilibrium constant was 0.193+0.008 
(Literature data: 0.148242, 0 . 1 9 ~ ~ ~  and 0.23'~~). Addition of monohydric alcohols affects 
the equilibrium quotient. 
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Figure 4-6. Ketoenol equilibrium of 2,Cpentanedione in aqueous solutions at 25OC. 
Dependence of ln[Q(m,)/Q(mc=O)] on the molality of methanol, ;ethanol, + ;l- 
propanol, A and 2-methyl-2-propanol, . 
In Figure 4-6, the solvent effects of the monohydric alcohols on the equilibrium 
quotient of PD, expressed as ln[Q(m3/Q(mc=O)], are plotted as a function of the 
molality of the alcohols. AIl plots are linear. The solvent effects are small, and 
addition of apolar cosolvents favours the enol. In Table 4-4, derived values of G(C) 
are given. It is found that G(CH)=37 J kg mor2 and G(OH)=-108 J kg mol". 
Interestingly, the dependence of the equilibrium quotient on the mole fraction of 
PD itself can also be interpreted as a cosolvent effect. Frequently, the dependence of 
the equilibrium quotient on the concentration of tautomeric compounds has been 
interpreted in terms of association or stackinP2. However, it seems more likely that 
the dependence of the equilibrium quotient on the concentration of the tautomeric 
compound is a consequence of pairwise and higher-order homotactic interactions in 
the aqueous medium. 
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Table 4-4. Solvent Effects on the Equilibrium Quotient ([enol]/[keto]) of the Keto- 
+no1 Equilibrium of 2,CPentanedione in Mixed Aqueous Solutions at 2S°C. 
Cosolvent G(C),B G(C),b 
J kg mor2 J kg m01-~ 
Methanol 
Ethanol 
8 (4) 3 (16) 
69 (8) 77 (20) 
I-Propanol 156 (6) 151 (23) 
2-Methyl-2-propanol 228 (14) 225 (26) 
'Derived from experimental data. b~alculated, assuming G(CH)= 37 J kg m01-~ and G(OH)=-108 J kg 
r n o l m 2 .  
From the data of ~ l m s l e p ~ ,  who did not consider a logarithmic dependence of Q on 
the mole fraction, G(C) can be estimated as 315 J kg mor2, which is in reasonable 
agreement with the solvent effects of the monohydric alcohols. 
In summary, solvent effects on the ketoenol equilibrium of 2,4-pentanedione in 
aqueous solutions can be accurately described assuming pairwise interactions of the 
added cosolvents with the diketone and cis-enol, respectively. Apparently, painvise 
interactions of the monohydric alcohols as well as of both tautomers of PD with the 
cis-en01 are more favourable than with the diketone, indicating that the cis-en01 is the 
more hydrophobic isomer. 
4.6 Experimental section 
Materials. p-Methoxyphenyl dichloroacetate was prepared according to standard 
procedures248 (mp 62-63OC, 1it.~~~62.2-62.80C). Methyl vinyl ketone was freshly distilled 
before use. Cyclopentadiene was prepared from its dimer immediately before use. N- 
methyl-N-furfurylmaleamic acid was synthesised as described in Chapter 7. 2,4- 
Pentanedione was purified by distillation. 
Urea (Baker) was used as supplied. N,N'-dimethylurea and N,N'-diethylurea were 
purified by rec~ystallisation from ethanol and petroleum ether, respectively. Tetrame- 
thylurea was distilled in vacuo. All monohydric alcohols and 1,Cdioxane were of the 
highest purity available and used without further purification. 
Demineralised water was distilled twice in an all-quartz distillation unit. All 
solutions were made up by weight. 
pH-measurements were performed by using a Coming 130 pH-meter. 
Kinetic measurements. Pseudo-first-order rate constants for the hydrolysis of p- 
methoxyphenyl dichloroacetate were determined by following the change in absor- 
bance at 288 nm (formation of p-methoxyphenol) as a function of time. About 8x10~~ 
cm3 of a stock solution of the substrate (about 5x10-~ mol dm" in acetonitrile) was 
added to a reaction medium in quartz cells placed in the thermostated cell compart- 
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ment of a Perkin Elmer A5 spectrophotometer. The reaction medium contained 
mol dm" of HCI to suppress catalysis of the hydrolysis by hydroxide ions. The reaction 
was followed for about 10 half-lives. Excellent first-order kinetics were observed. Rate 
constants were calculated using a data station PEA5 connected to the spectro- 
photometer and were reproducible to within 2%. Rate constants were measured at at 
least five different temperatures. Plots of l n [ m  vs 1/T were perfectly linear, and the 
slopes provided enthalpies of activation by linear regression analysis. The entropies of 
activation were calculated using the Gibbs energy of activation at 2S°C and the 
enthalpy of activation. 
Second-order rate constants for the Diels-Alder reaction of methyl vinyl ketone 
with cyclopentadiene were determined as described in detail in Chapter 6. 
First-order rate constants for the intramolecular Diels-Alder reaction of N-methyl-N- 
furfuryhalearnic acid were determined as described in detail in Chapter 7. 
The equilibrium quotient for the ketooenol equilibrium of 2,bpentanedione (PD) 
was determined by 'H-NMR (Varian VXR-300 (300 MHz) instrument). The concen- 
tration of PD was 5x10" mol kg-'. The NMR tube was equipped with an external 
standard and H,O could be used as solvent. The equilibrium quotient was determined 
by integrating the signals at 2.97 ppm (keto) and at 1.77 ppm (enol). The integration 
was performed after 250 pulses. Each measurement was repeated several times, and 
the equilibrium quotients were reproducible to within 2 %. 
